Introduction
============

Commonly, most nanoagents suitable for potential clinical applications of diagnosis and treatment are likely to have either ultrasmall size or degradability, in order to meet the demand of complete clearance from the body within a reasonable period of time.[@cit1]--[@cit3] It is generally accepted that ultrasmall nanoparticles with hydrodynamic diameters less than 8 nm can undergo renal clearance through effective glomerulus filtration.[@cit4]--[@cit6] Until now, numerous ultrasmall nanomaterials with strong near-infrared (NIR) absorption including polyoxometalate clusters,[@cit2] CuS nanodots,[@cit7] bismuth nanodots[@cit8] and platinum nanodots[@cit9] have been explored for cancer diagnosis and photothermal therapy (PTT), a potential alternative to surgery due to the merits of non-invasiveness, local laser-targeting, quick recovery and easy operation.[@cit10]--[@cit15] However, considering the complex environment *in vivo* (serum protein coating, phagocytic cell uptake, *etc.*), the long-term retention of these nanoparticles in the body is still possible.[@cit16]--[@cit18] Hence, much attention has been paid to the construction of nanoparticles with both biodegradation and renal clearance properties, which mainly focused on Fe^3+^--gallic acid nanodots,[@cit1] porphyrin nanodots[@cit19] and black phosphorus.[@cit20] Especially, black phosphorus quantum dots have recently captivated many researchers for the inherent feature of being oxidized into biological endogenous PO~4~^3--^, resulting in the potential of perfect biodegradability *in vivo*.[@cit21]--[@cit24] However, the fabrication of black phosphorus quantum dots is time-consuming and expensive.[@cit21]--[@cit24] In addition, although noble metal nanoparticles including Au nanoshells,[@cit25] Au nanorods[@cit26],[@cit27] and Pd nanosheets[@cit28] as the first generation of photothermal agents have been widely reported for a long time, there are still no reports of biodegradable noble metal nanoparticles for PTT because of the inertness and non-biodegradability of noble metals, which have led to the risk of potential long-term retention toxicity *in vivo* and may hamper their further clinical translation efforts.[@cit29],[@cit30] Hence, it is of urgency and importance to develop degradable noble metal nanoparticles to satisfy the demands of clinical translation.

In the transition-metal group of the periodic table, rhenium (Re) is a rare and powerful noble metal with a high atomic number (*Z* = 75). Bulk Re materials have excellent corrosion resistance and are widely utilized as a superalloy of jet engines, while Re nanomaterials are easily oxidized after exposure to oxygen, indicating the potential of biodegradation, and can also serve as a chemical nanocatalyst.[@cit31]--[@cit33] However, to date, there are no reports of the biological characteristics and activity of Re nanoparticles and their toxicity has never been evaluated. Fortunately, several rhenium compounds (*i.e.*^188^Re-hydroxyethylidene diphosphonate) have been explored for PET imaging or radiotherapy in clinical trials,[@cit34],[@cit35] and our group has also demonstrated that liquid exfoliated ReS~2~ nanosheets could serve as multifunctional theranostic agents which are still unbiodegradable.[@cit36] In addition, the lethal dose 50% (LD~50~) of KReO~4~ is reported to be as high as 2800 mg kg^--1^,[@cit37] indicating that ReO~4~^--^ ions, a typical oxidization product of Re nanoparticles, should be biocompatible. Therefore, the exploration of biomedical applications of Re nanomaterials is intriguing.

Herein, inspired by the degradation of black phosphorus into PO~4~^3--^ upon exposure to oxygen, we report a simple and scalable one-step strategy to synthesize PEGylated rhenium nanoclusters (Re NCs) as degradable noble metallic nanoparticles for biomedical applications ([Scheme 1a](#sch1){ref-type="fig"}). Owing to relatively strong absorbance in the NIR region, Re NCs can effectively ablate tumors through significant photothermal effects. In addition, similar to gold nanostructures, Re nanoclusters can also serve as excellent CT contrast agents because of the presence of the high atomic number element Re ([Scheme 1b](#sch1){ref-type="fig"}). However, significantly different from other noble metal nanoparticles, Re NCs can be easily transformed into biocompatible ReO~4~^--^ ions after exposure to H~2~O~2~ ([Scheme 1c](#sch1){ref-type="fig"}), ensuring the potential of biodegradability in the body especially for tumors because the concentration of endogenous H~2~O~2~ inside most types of solid tumors is in the range of 10--100 μM, much higher than that of normal tissues.[@cit38]--[@cit40] A further renal-clearance experiment reveals that Re NCs exhibit similar renal-clearance properties to soluble NH~4~ReO~4~, but much higher renal clearance efficiency than conventional gold nanoparticles with similar sizes and modifications, indicating high potential of complete clearance from the body in a reasonable time period. The obtained Re nanoclusters represent a relatively ideal theranostic agent that integrates the merits of two outstanding "state of the art" photothermal nanoagents (*i.e.* gold nanostructures and black phosphorus). Benefiting from the features of strong NIR absorption and high X-ray attenuation like gold nanostructures, and stimuli-responsive degradation and ultrasmall size (∼2 nm) like black phosphorus quantum dots, multifunctional Re NCs as a new generation of photothermal agents are believed to hold great potential for clinical translation. To the best of our knowledge, this is the first report about biodegradable and renal-clearable noble metallic theranostic nanoagents for CT imaging and PTT.

![Schematic of degradable and renal-clearable PEGylated rhenium nanoclusters for tumor diagnosis and therapy. (a) Preparation procedure of Re NCs; (b) PTT and CT imaging; (c) mechanism for the biodegradation renal clearance process of Re NCs.](c9sc00729f-s1){#sch1}

Experimental section
====================

Reagents and chemicals
----------------------

Ammonium perrhenate (NH~4~ReO~4~) was purchased from Sigma-Aldrich. PEG-SH was obtained from Shanghai YareBio Company. Sodium borohydride was supplied by Sinopharm Chemical Reagent Beijing Co., Ltd. D.I. water used in this experiment was acquired using a Milli-Q water purification system from Millipore.

Synthesis of rhenium nanoclusters
---------------------------------

Typically, 100 mg ammonium perrhenate and 45 mg PEG-SH were added into 25 mL of D.I. water, followed by the dropwise addition of 5 mL of NaBH~4~ solution (30 mg mL^--1^). After vigorous stirring for 2 h, the color of the above mixed solution changed from colorless to dark brown. The ultrasmall Re nanoclusters were obtained by ultrafiltration centrifugation (4500 rpm, 10 min) and washed with D.I. water four times.

Characterization
----------------

The morphologies of PEGylated rhenium nanoclusters were observed by using a transmission electron microscope (TEM, JEOL JEM-2100F). X-ray photoelectron spectroscopy (XPS) spectra were recorded on an X-ray photoelectron spectrometer (ESCALab 250Xi). UV-vis-NIR absorption spectra were measured by using a Hitachi U-5100 spectrophotometer. The zeta potential and dynamic light scattering (DLS) particle size were acquired by using a PALS/90Plus instrument (Brookhaven). The Fourier transform infrared spectroscopy (FTIR) spectra of Re nanoclusters and PEG-SH were measured by using a Varian 3000 FTIR spectrophotometer. The rhenium element concentration before and after dialysis was measured with an AA800 Atomic Absorption Spectrometer.

Photothermal effect of rhenium nanoclusters
-------------------------------------------

2 mL of Re nanocluster aqueous dispersion with different concentrations were stored in a quartz cuvette, and then illuminated with an 808 nm laser (2 W) for 10 min. D.I. water was used as a control. A thermocouple probe with a digital thermometer was used to record the temperature of aqueous dispersions at different time points. The detailed calculation procedure of photothermal conversion efficacy is provided in the ESI.[†](#fn1){ref-type="fn"}

Storage stability of Re nanoclusters
------------------------------------

To evaluate the stability, Re nanocluster aqueous dispersions were stored at four different temperatures (--20, 4, 25 and 37 °C), and the absorbance of these dispersions was recorded at different time points. In addition, vitamin C (2 mg mL^--1^) as a reducing protective agent was added in another group, and the absorbance change was also recorded.

H~2~O~2~-responsive degradability
---------------------------------

Re nanoclusters were dispersed in different concentrations of H~2~O~2~ solutions (0, 0.25%, 0.5% and 1%) to modulate tumor microenvironments with a high concentration of H~2~O~2~ for 24 h, and then transferred into a dialysis bag and dialyzed in D.I. water for 2 days. The concentrations of Re element in the dialysis bags before and after dialysis were measured by ICP-AES. The morphologies of the samples before and after dialysis were observed by TEM, and XPS was also conducted to identify the valence states of Re element.

Cytotoxicity assay
------------------

Typical methyl thiazolyl tetrazolium (MTT) assay was performed to study the cytotoxicity of Re nanoclusters using HUVECs as model cells. The cells with a density of ∼1 × 10^4^ cells per well were pre-seeded in a 96-well plate and were incubated in a cell culture medium with different concentrations of Re nanoclusters (0, 15, 30, 60, 125, 250 and 500 ppm) for 24 h. Then, 20 μL of MTT reagent (5 mg mL^--1^) was added into each well, followed by further incubation for 4 h. Upon the addition of DMSO (150 μL) to dissolve the formazan crystals, the relative cell viability was determined based on the absorbance of the formazan product at 570 nm using a microplate reader. The same process was adopted for the cytotoxicity evaluation of ammonium perrhenate and the oxidation product of Re nanoclusters.

*In vitro* photothermal ablation assay
--------------------------------------

To evaluate the photothermal cytotoxicity of Re nanoclusters, 4T1 cells were incubated with different concentrations of Re nanocluster dispersions (0, 7.8, 15.6, 31.2, 65, 125 and 250 ppm) in a 96-well plate, and then irradiated with the 808 nm laser (2 W, 5 min) with an irradiation area of ∼0.33 cm^2^. The cell viabilities after laser irradiation were determined by the standard MTT assay described above. In addition, 4T1 cells were incubated with Re nanocluster suspensions with different concentrations for 4 h in a 6-well plate, and irradiated with the 808 nm laser (2 W, 5 min). After the irradiation, the cells were stained with calcein acetoxymethyl ester and propidium iodide for the visualization of live and dead cells, respectively.

Animal model
------------

BALB/c mice were used as model animals. The tumor model was established through subcutaneous injection of 4T1 cells (∼1 × 10^6^ in 100 μL PBS solution) into the back section of BALB/c mice. The mice were used when the tumor volume of each mouse reached about 30 mm^3^. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Anhui Medical University and experiments were approved by the Institutional Animal Care and Use Committee of Anhui Medical University.

Pharmacokinetic and biodistribution analysis *in vivo*
------------------------------------------------------

For blood circulation and biodistribution, healthy ICR mice as model mice were intravenously injected with 0.1 mL of Re NCs (2 mg mL^--1^). Blood and major organs (heart, liver, spleen, lung and kidney) were then extracted from mice at different time points, followed by the decomposition with digestion apparatus. Finally, the Re concentration was measured by ICP-AES (Optima 7300 DV).

For renal clearance, twelve mice were randomly divided into three groups: (1) Re NCs, (2) NH~4~ReO~4~, and (3) Au nanoparticles. 0.1 mL of Re NCs or NH~4~ReO~4~ or Au nanoparticles (2 mg mL^--1^) was intravenously injected into the mice in metabolic cages. The urine samples from each mouse were collected at 24 h after administration, and the concentration of Re element in urine was determined by using an AA800 Atomic Absorption Spectrometer.

*In vivo* photothermal ablation assay
-------------------------------------

Twenty 4T1 tumor-bearing mice were randomly divided into four different groups (*n* = 5, in each group) as follows: (1) PBS, (2) Re, (3) PBS + NIR and (4) Re + NIR. The mice from groups 2 and 4 were intratumorally injected with Re nanocluster dispersions (25 μL, 2 mg mL^--1^). After the mice were anesthetized, the tumors were irradiated with a NIR laser (808 nm, 1 W cm^--2^) for 10 min. During the treatment, an infrared thermal camera (Ti400, Fluke, USA) was used to monitor the temperature change of the tumor site. After laser irradiation, the tumor volumes and body weights of all mice were measured every two days using an electronic balance and a caliper. The tumor volume was calculated by using the formula: *V* = *ab*^2^/2 (*a* for length and *b* for width). After 16 days, the tumors were dissected and weighed to evaluate the therapeutic efficacy, and major organs (heart, liver, spleen, lung and kidney) from the "Re + NIR" group were stained for histology analysis.

CT imaging
----------

To evaluate the CT contrast efficacy, *in vitro* and *in vivo* CT imaging experiments were conducted. For *in vitro* imaging, Re nanocluster dispersions at different concentrations (0, 0.75, 1.5, 3, 6 and 12 mg mL^--1^) were measured by using a clinical CT scanner (GE, Discovery CT750HD, GE Healthcare, WI) with a 5 mm slice thickness at 120 kV~p~, and the CT imaging and Hounsfield unit values of each sample were recorded and calculated. To conduct *in vivo* CT imaging, Re nanocluster suspensions (50 μL, 20 mg mL^--1^) were intratumorally administrated into 4T1 tumor-bearing mice, and the CT images of each mouse were collected and reconstructed by using the same clinical CT scanner.

Statistical analysis
--------------------

All statistical analyses were performed using Excel software through two-tailed Student\'s *t*-test.

Results and discussion
======================

Synthesis and characterization of PEGylated Re NCs
--------------------------------------------------

Re NCs are synthesized *via* the liquid-phase reduction of NH~4~ReO~4~ with NaBH~4~ using biocompatible PEG-SH as a surface stabilizer in an aqueous environment. Transmission electron microscope (TEM) images reveal that the obtained Re NCs are irregular sphere particles with diameters ranging from 1 to 2 nm due to partial oxidation upon exposure to air ([Fig. 1a](#fig1){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). High-resolution transmission electron microscopy (HRTEM) depicts an interplanar spacing of 2.39 Å, consistent with (100) crystallographic planes in a hexagonal structure of Re (Fig. S2[†](#fn1){ref-type="fn"}).[@cit33] The hydrodynamic diameter ([Fig. 1b](#fig1){ref-type="fig"}) of Re NCs is ∼7.6 nm in deionized water, larger than the diameter of NCs determined by TEM, which should be mainly ascribed to the low contrast of PEG-SH by TEM and the surrounding water shells. Fourier transform infrared spectra ([Fig. 1c](#fig1){ref-type="fig"}) were then recorded, and the characteristic peaks of PEG-SH molecules at 2922 cm^--1^, 2877 cm^--1^ (alkyl C--H stretching) and 1099.2 cm^--1^ (C--O--C stretching) are observed for PEGylated Re NCs, confirming the successful conjugation of biocompatible PEG-SH on the surface of Re NCs. Interestingly, when PEG-SH is replaced with PEG-NH~2~ or DSPE-PEG, the obtained Re NCs easily aggregate. The possible reason is the formation of a unique Re--S bond between Re and PEG-SH like an Au--S covalent bond (inset of [Fig. 1d](#fig1){ref-type="fig"}), while the force between Re NCs and PEG-NH~2~ or DSPE-PEG is weak.[@cit41] The bonding between Re and S reveals a facile strategy to modify Re nanomaterials for biomedical applications and may promote their application in biomedical fields.

![Fabrication and characterization of Re NCs. (a) TEM image; (b) DLS distribution; (c) FTIR spectra of Re NCs and PEG-SH; (d) UV-vis-NIR absorption at different time points during fabrication; inset is a digital image of Re NC dispersions modified with different kinds of PEG; (e) UV-vis-NIR absorption of Re NC dispersions at different concentrations; (f) photothermal heating curves of Re NC dispersions at different concentrations and pure water; (g) the heating/cooling curves of Re NCs (250 ppm) under laser irradiation (2 W, 808 nm); (h) the fitting linear curve of time data *vs.* --ln *θ* from the cooling period of Re NCs.](c9sc00729f-f1){#fig1}

To monitor the reduction procedure, the absorbance spectra of reaction solution at different time points are measured ([Fig. 1d](#fig1){ref-type="fig"}). It is found that the absorbance of reaction solution after 2 h reaches equilibrium, indicating that the reduction of NH~4~ReO~4~ can be accomplished in 2 h. The obtained Re NCs show no surface plasmon resonance (SPR) maximum probably due to the low dielectric constant,[@cit42] but have obvious absorbance from the UV to the NIR region ([Fig. 1e](#fig1){ref-type="fig"} and S3[†](#fn1){ref-type="fn"}). The inset in Fig. S3[†](#fn1){ref-type="fn"} is the digital image of Re NC dispersions at different concentrations, indicating the good dispersion of Re NCs in water due to the modification of PEG-SH. The mass extinction coefficient of Re NCs is determined to be 2.6 L g^--1^ cm^--1^ at 808 nm based on the Lambert--Beer law (*A*/*L* = *αC*, *α* represents the mass extinction coefficient) and compared to that of graphene oxide (3.6 L g^--1^ cm^--1^).[@cit20] Inspired by the reasonable absorption in the NIR region, the photothermal performance of Re NCs is evaluated. As shown in [Fig. 1f](#fig1){ref-type="fig"}, the photothermal heating curves of Re NCs demonstrate that the temperature change is positively associated with irradiation time and concentrations. For example, the temperature of the Re NC dispersion with a concentration of 250 ppm raises from 25 to 57.1 °C under laser irradiation (2 W, 808 nm). The photothermal conversion efficacy (PCE) of Re NCs is determined to be 33.0% ([Fig. 1g and h](#fig1){ref-type="fig"}), higher than those of black phosphorus quantum dots (28.4%)[@cit20] and golden nanorods (21%). For direct comparison, the PTCE of exfoliated black phosphorus was calculated to be 26.7% under the same conditions (Fig. S4[†](#fn1){ref-type="fn"}), indicating a relatively high PTCE of Re NCs. In addition, Re NCs have better photothermal stability than golden nanorods although a little temperature decrease is observed, which should be attributed to the partial oxidation of Re NCs during irradiation (Fig. S5[†](#fn1){ref-type="fn"}). Hence, relatively high PCE and photothermal stability indicate that Re NCs can serve as highly efficient photothermal agents.

H~2~O~2~-responsive degradability and storage stability of Re NCs
-----------------------------------------------------------------

The biggest issue for metal nanomaterials (*i.e.* Au and Pd) to be employed for clinical applications is their non-biodegradability, resulting in the concern of long-term toxicity *in vivo*. Fortunately, it has been reported that Re nanoparticles are oxidized after exposure to oxygen.[@cit31]--[@cit33] Thus, we predict that Re NCs may serve as biodegradable metal photothermal agents because O~2~ or H~2~O~2~ is widely present in human tissues. To confirm this hypothesis, Re NC dispersions with a concentration of 500 ppm were incubated with deionized water, 0.25%, 0.5% and 1% H~2~O~2~ solution, respectively. After incubation for 24 h, the colors of Re NC dispersions incubated in H~2~O~2~ solution change from dark brown to nearly colorless, while a light brown color is still observed for Re NC dispersions incubated in distilled H~2~O (inset of [Fig. 2d and e](#fig2){ref-type="fig"} and S6[†](#fn1){ref-type="fn"}). Then, the oxidized dispersions were packaged in dialysis bags and dialyzed in D.I. water for 2 days. The concentrations of Re element in the dialysis bags before and after dialysis are measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Impressively, the Re concentrations of all three dispersions incubated in H~2~O~2~ are almost zero while the concentrations of Re element before and after dialysis for dispersions incubated in H~2~O are almost the same ([Fig. 2c](#fig2){ref-type="fig"}). TEM images reveal that no visible nanostructures are observed for Re dispersions in H~2~O~2~ while connected nanoparticles are observed for Re dispersions in H~2~O ([Fig. 2d and e](#fig2){ref-type="fig"}). In addition, the absorbance of Re dispersions incubated in H~2~O and H~2~O~2~ is measured ([Fig. 2b](#fig2){ref-type="fig"}). Almost no absorbance of Re dispersions in the vis-NIR region is observed after the exposure to H~2~O~2~ while a decreased absorbance of Re dispersions incubated in H~2~O is observed, which also becomes nearly zero after the addition of external H~2~O~2~. These results suggest that the Re oxidation in H~2~O and H~2~O~2~ are two different processes, and the possible degradation mechanism is proposed in [Fig. 2a](#fig2){ref-type="fig"}. Zero-valent Re(0) can be transformed into ReO~4~^--^ ions under the treatment of H~2~O~2~,[@cit31] resulting in the escape from dialysis bags and no visible nanostructures by TEM ([Fig. 2e](#fig2){ref-type="fig"}). However, when incubated with H~2~O, Re NCs react with dissolved O~2~ in H~2~O and may only be oxidized to rhenium oxide (ReO~*x*~) which is still in the form of nanoparticles ([Fig. 2d](#fig2){ref-type="fig"}),[@cit33] attributed to the poorer oxidation capacity of O~2~ than H~2~O~2~. In addition, ReO~*x*~ nanoparticles are likely to be transformed into ReO~4~^--^ ions after the exposure to H~2~O~2~. To further demonstrate the oxidation, X-ray photoelectron spectroscopy (XPS) is conducted to identify the valence states of Re NCs. Compared with freshly prepared Re NCs, a higher valence state of Re element is observed for Re NCs stored in H~2~O~2~ (0.5%) for 12 h, which should be attributed to the transformation of ReO~4~^--^ from Re(0) after exposure to H~2~O~2~ (Fig. S7[†](#fn1){ref-type="fn"}).[@cit31] Hence, the mechanism of Re NCs should be attributed to the oxidation--reduction reaction, in which metal Re NCs are oxidized to soluble ReO~4~^--^ for further renal clearance when exposed to H~2~O~2~. Such degradation behavior is similar to that of black phosphorus quantum dots, which can be oxidized into biocompatible PO~4~^3--^, but is different from the disassembly of PEGylated self-assembled molecules.[@cit43] Hence, Re NCs with H~2~O~2~-triggered degradation behavior may have higher clinical prospects than traditional gold nanomaterials.

![H~2~O~2~-triggered degradation and storage stability of Re NCs. (a) Schematic of H~2~O~2~-triggered degradation. (b) Vis-NIR absorbance of Re dispersions treated with H~2~O or H~2~O~2~. (c) Relative Re content before and after dialysis. TEM images of the degradation product of Re NCs treated with H~2~O (d) or H~2~O~2~ (e). (f) Absorbance of Re NC dispersions stored at --20 °C for different time periods. Inset is the digital photograph of Re NC dispersions on the 0^th^ and the 30^th^ day. (g) Stability of Re nanocluster dispersions with (+) or without (--) vitamin C at different temperatures (4, 25, and 37 °C) for different time periods. (h and i) The corresponding vis-NIR absorbance of Re nanocluster dispersions with or without vitamin C at 37 °C for different time periods.](c9sc00729f-f2){#fig2}

Considering the oxidation feature of Re NCs for further *in vivo* application, the stability of aqueous dispersions at different temperature (4, 25 and 37 °C) is evaluated. As shown in [Fig. 2g](#fig2){ref-type="fig"}, the oxidation process is accelerated with increasing temperature and the absorbance of Re NCs can remain at ∼75% that of the original dispersion after incubation for 4 h at 37 °C, and such a period is long enough for photothermal ablation of tumors *in vivo*. However, after incubation for 24 h, the absorbance significantly decreased to be ∼15%, indicating that the majority of Re NCs have been oxidized. In addition, we find that the stability of Re NCs can be obviously enhanced after the addition of vitamin C ([Fig. 2h and i](#fig2){ref-type="fig"}), suggesting that Re NCs could be protected by reducing agents to control the oxidization process. Excitingly, when the Re NCs are stored at --20 °C for even one month, no absorbance decrease of Re NCs is observed because no oxygen can come into contact with Re NCs after the formation of ice from water, ensuring the potential of long-term storage for practical application ([Fig. 2f](#fig2){ref-type="fig"}). For further biomedical applications, the storage stability of Re NCs can be enhanced by incorporation into poly(lactic-*co*-glycolic acid) (PLGA) or liposome nanoparticles to reduce the contact with oxygen as shown in some previous reports.[@cit12],[@cit40],[@cit44]

Pharmacokinetic and biodistribution analysis of Re NCs
------------------------------------------------------

Prior to biomedical applications, the blood circulation and biodistribution of Re NCs are examined by the intravenous injection of 0.1 mL of Re NC dispersions (2 mg mL^--1^) into healthy ICR mice, followed by measuring the Re concentration in blood and major organs (heart, liver, spleen, lung and kidney) at different time points. The blood circulation curve ([Fig. 3a](#fig3){ref-type="fig"}) depicts that the blood pharmacokinetics of Re NCs obeys the typical two compartment model, and the half-life of the blood distribution phase is calculated to be 2.62 h, indicating a relatively rapid blood elimination *in vivo*.[@cit40],[@cit45] Organ biodistribution ([Fig. 3b](#fig3){ref-type="fig"}) shows that the Re content in the kidney is as high as 9.15 ± 3.14% ID/g 0.5 h after injection, which is comparable to those of the liver and spleen, suggesting that Re NCs could rapidly arrived at the kidney probably due to their small size and biodegradability. Over time, the Re content in the kidney significantly decreased, which should be attributed to the further renal clearance of Re NCs. In addition, the Re content in the liver and spleen increased at 6 h and then decreased at 24 h because of the reticuloendothelial system (RES) and slow biodegradability of exogenous nanoagents in the liver and spleen, indicating that more time was required for complete clearance.[@cit46] Such pharmacokinetic and biodistribution behavior of Re NCs is similar to that of many other biodegradable nanoagents including black phosphorus,[@cit40] porphyrin nanodots,[@cit19] and Mo~2~C nanosheets.[@cit47]

![(a) The blood circulation of and (b) biodistribution of Re NCs in major organs after intravenous injection (0.1 mL, 2 mg mL^--1^) in ICR mice (*n* = 5). (c) Schematic of the renal clearance process of Re NCs; (d) renal clearance efficiencies of Au NPs, Re NCs and NH~4~ReO~4~ 24 h after injection (2 mg mL^--1^, 0.2 mL); inset is the TEM image of Au NPs (mean ± s.d., \*\*\**p* \< 0.001).](c9sc00729f-f3){#fig3}

To evaluate the renal clearance efficiency, PEG-SH modified Au nanoparticles (Au NPs) with a similar size (inset of [Fig. 3d](#fig3){ref-type="fig"}) and ammonium perrhenate (NH~4~ReO~4~) are used as controls. It is found that about 23% of Re element is cleared into urine 24 h after the injection of Re NCs, which is close to the renal clearance efficiency of NH~4~ReO~4~ (25%) ([Fig. 3c and d](#fig3){ref-type="fig"}). In sharp contrast, Au NPs show a much lower renal clearance efficiency, and less than 1% of Au element is found in urine, attributed to the inertness and non-biodegradability of Au NPs. Considering the degradation properties of Re NCs into ReO~4~^--^ ions after exposure of H~2~O~2~, the renal clearance behavior of Re NCs from the body should be similar to that of soluble ReO~4~^--^ ions, suggesting high potential of complete clearance from the body in a reasonable period because ions are commonly more easily cleared from the body than nanoparticles.[@cit48]--[@cit51] The effective renal clearance guarantees the safety of Re NCs for biomedical applications.

Cytotoxicity and photothermal ablation *in vitro* of Re NCs
-----------------------------------------------------------

The low toxicity of nanomaterials is another vital issue for their potential biomedical applications. To evaluate the cell toxicity of Re NCs, a standard MTT assay is conducted, revealing that almost no toxicity is found when HUVECs are incubated with various concentrations of Re NCs ([Fig. 4a](#fig4){ref-type="fig"}). Even when the concentration of Re NCs is as high as 500 ppm, more than 90% of HUVECs are alive, suggesting the good biocompatibility *in vitro* of Re NCs. Moreover, MTT results also show the low cytotoxicity of NH~4~ReO~4~ and the products after the oxidization of Re NCs, suggesting the low-toxicity of Re NCs whether before or after oxidization, which is in accordance with the previous report.[@cit37] In addition, a hemolysis test is conducted to evaluate the blood biocompatibility of Re NCs. The hemolysis rates of Re NCs with different concentrations after incubation in blood for 2 h are far below the hemolysis rate threshold value of 5%, indicating their excellent blood biocompatibility ([Fig. 4b](#fig4){ref-type="fig"}).

![(a) Cell viability of HUVECs treated with different concentrations of NH~4~ReO~4~, Re NCs and the oxidization products of Re NCs; (b) hemolysis test of different concentrations of Re NCs; (c) fluorescence images of 4T1 cells treated with/without a laser or with/without Re NCs. Scale bar: 0.5 mm; (d) concentration-dependent viabilities of 4T1 cells treated with Re NC dispersions under laser irradiation.](c9sc00729f-f4){#fig4}

Encouraged by the high photothermal performance and extremely low toxicity of Re NCs, photothermal ablation experiments *in vitro* were conducted. To visualize the localized photothermal killing of cancer cells, 4T1 cells were treated differently. As shown in [Fig. 4c](#fig4){ref-type="fig"}, cancer cells can be effectively killed only in the presence of both Re NCs and laser irradiation (2 W, 808 nm) attributed to the strong photothermal effect of Re NCs. Further MTT assay reveals that the killing efficiency is strongly associated with Re NC concentrations, and more cells are killed with the increase of Re NC concentrations ([Fig. 4d](#fig4){ref-type="fig"}). Especially, less than 15% of 4T1 cells remained alive when incubated with Re NC dispersions with a concentration of 125 ppm under laser irradiation, indicating the excellent ablation functionality of cancer cells.

Photothermal ablation performance *in vivo* of Re NCs
-----------------------------------------------------

Then, the photothermal ablation *in vivo* experiment was further conducted. When the tumor volume reaches about 30 mm^3^, 4T1 tumor-bearing mice are divided into four groups, *i.e.* "PBS", "Re", "PBS + NIR" and "Re + NIR". The temperature change of the tumor region of the "Re + NIR" group is 32.3 °C, while only a slightly elevated temperature is observed for the "PBS + NIR" group ([Fig. 5a and b](#fig5){ref-type="fig"}). For the treatment group, the tumors are completely ablated, without tumor reoccurrence within 16 days ([Fig. 5c](#fig5){ref-type="fig"}). In comparison, a sharp tumor growth for the other three groups is observed ([Fig. 5e](#fig5){ref-type="fig"}), and the tumors from different groups are collected as shown in Fig. S8.[†](#fn1){ref-type="fn"} After laser irradiation, the tumor slices were stained with hematoxylin--eosin (H&E) to investigate the antitumor activity at the cellular level. Broken, smaller or fewer nuclei in the illumination region are observed while no obvious destruction is observed for the other three groups ([Fig. 5d](#fig5){ref-type="fig"}). The survival rate of mice after various treatments also depicts a high therapeutic efficiency of Re NCs for 4T1 tumors with the assistance of laser irradiation (Fig. S9[†](#fn1){ref-type="fn"}). After PTT treatments, major organs (heart, liver, spleen, lung and kidney) of mice from different groups are extracted, and no visible tissue damage or inflammation is observed (Fig. S10 and S11[†](#fn1){ref-type="fn"}), suggesting that Re NCs are not toxic to normal organs. In addition, no obvious body weight change is observed in all groups, indicating the low *in vivo* toxicity of Re NCs (Fig. S12[†](#fn1){ref-type="fn"}). Hence, Re NCs can perform as high effective photothermal agents for the ablation of tumors.

![Photothermal therapy of 4T1 *in vivo*. (a) Thermal imaging of tumor-bearing mice after injection of PBS or Re NCs (25 μL, 2 mg mL^--1^); (b) temperature change of the tumor section upon laser irradiation for 10 min (1 W cm^--2^, 808 nm); (c) digital photographs of 4T1-bearing BALB/c mice from different groups at different times (0, 8 and 16 days); (d) H&E images of tumor sections harvested from the mice. Scale bar is 50 μm; (e) tumor volume change during treatment (*n* = 5, mean ± s.d., \*\*\**p* \< 0.001).](c9sc00729f-f5){#fig5}

*In vitro* and *in vivo* CT imaging of Re NCs
---------------------------------------------

Apart from the role as degradable photothermal agents, Re NCs may also be used as high-performance CT contrast agents due to the high atomic number of Re (*Z* = 75) element. Although numerous nanoparticles containing a high-*Z* element including TaO~*x*~, WS~2~ and Bi~2~S~3~ have been reported as an excellent alternative to clinical iodine-based small-molecule agents, the non-biodegradation and limited renal clearance may harm their further clinical applications.[@cit52]--[@cit54] Hence, the as-prepared Re NCs with both biodegradation and renal clearance properties may have higher potential for clinical CT contrast. As shown in [Fig. 6a and b](#fig6){ref-type="fig"}, progressively brighter images of Re NC dispersions emerged with the increase of nanocluster concentrations under a clinical CT scanner, and the X-ray absorption coefficient of Re NCs is determined to be as high as 21.2 Hounsfield units (HU) mL mg^--1^, higher than that of commercial iopromide (15.9 HU mL mg^--1^) in clinics.[@cit55] To further demonstrate the CT enhanced ability of Re NCs, a CT imaging experiment *in vivo* was conducted. The tumor (marked by a white dotted line) contrast could be obviously detected after intratumoral injection of Re NCs (50 μL, 20 mg mL^--1^) while no tumor signal is found before injection under the same conditions, indicating the excellent contrast ability of Re NCs ([Fig. 6c](#fig6){ref-type="fig"}). Considering the excellent photothermal performance, Re NCs have high potential as degradable metallic theranostic agents for CT imaging-guided photothermal therapy.

![(a) CT images *in vitro* of Re NC dispersions at different concentrations as indicated. (b) The corresponding CT value of Re NC dispersions; (c) CT imaging *in vivo* of 4T1 tumor-bearing BALB/c mice before and after injection. The tumor region is marked by a white dotted line (*n* = 5).](c9sc00729f-f6){#fig6}

Conclusions
===========

In conclusion, PEGylated rhenium NCs have been successfully fabricated *via* a simple and quick liquid-phase reduction method, and their high potential as a degradable and renal-clearable agent for the ablation of 4T1 tumors has been revealed and demonstrated for the first time. The obtained Re NCs are H~2~O~2~-sensitive degradable into biocompatible ReO~4~^--^ ions, ensuring the potential of complete clearance. In addition, Re NCs show a higher X-ray absorption coefficient than commercial iopromide in clinics. This is the first report about degradable noble metal nanoparticles for both cancer imaging and therapy. The unique features of high photothermal effects, obvious CT contrast, H~2~O~2~-trigged degradability and effective renal clearance promise that Re NCs as multifunctional metal agents have high potential for clinical translation.
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